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Abstract 
Rail or metro systems are generally characterised by high performance in terms of maximum travel speeds and/or reduced 
headways between two successive convoys. However, in the event of breakdowns, since faulty trains cannot usually be 
overtaken and their removal could pose extreme difficulties especially in metropolitan systems with two separate tunnels, re-
establishing the regular service could involve inconveniently long travel times. Hence, our proposal is to analyse effects on 
travel demand of different levels of degraded services in the case of metro system failure in order to define the best strategy to 
adopt so as to minimise user discomfort. In particular, we propose to simulate a rail system through the interaction of four 
models (failure, service, supply and travel demand) by extending ideas proposed elsewhere in the literature. Finally, the 
proposed methodology is tested in the case of an Italian metro system by providing for each failure scenario the selection of 
the best strategy to minimise impacts on users. Initial results show that interactions among rail system components 
(infrastructure, rolling stock, signalling and timetable) and travel demand are complex, and therefore the optimal strategy to 
be implemented may be affected not only by rail system breakdowns but also by travel demand conditions. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of SIDT2012 Scientific Committee. 
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1. Introduction 
The management of transportation systems is a key issue which can affect both life quality and economic 
development. In large urban areas, an efficient public transport system can help to reduce the negative 
externalities of private car use without excessively penalising user travel times or zone accessibilities (as shown 
by Gori et al., 2012, 2013). 
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Moreover, high-density contexts represent the ideal framework in which to adopt rail systems. Although they 
require greater building, operating and maintenance costs than other public transport systems (such as buses, 
trolleybuses and taxis), high performances stemming from the use of exclusive facilities, constrained driving and 
the signalling system allow rail systems to achieve lower unit costs per seat-km (i.e. vehicular capacity multiplied 
by travel distances) or per carried passenger-km (i.e. travel demand multiplied by travel distances). Likewise, in 
the case of rail systems, externalities such as air pollution or fuel consumption are also lower than those of other 
public transport systems. 
Positive performance in terms of maximum travel speed or reduced headway between two successive convoys 
is partly offset by greater vulnerability to system failure. Indeed, in the case of breakdowns, since the faulty train 
cannot generally be overtaken and could be extremely hard to remove especially in metropolitan systems with 
two separate tunnels, re-establishing regular rail schedules could entail very substantial passenger delays. Hence, 
in dealing with emergencies, rail network managers have to take into account effects of intervention strategies on 
travel demand. 
In terms of methodology, it is worth noting that, as shown by Gibson (2003), Abril et al. (2008) and Lindner 
(2011), the performance of rail systems and their related capacities has mainly been analysed by neglecting 
effects on travel demand. Indeed, the first papers actually considering that the main purpose of a rail system is to 
satisfy traveller requirements were the contributions of Hamdouch et al. (2011), Kanai et al. (2011) and Zheng et 
al. (2011). In particular, Hamdouch et al. (2011) proposed an assignment model that differentiates the discomfort 
level experienced by sitting and standing passengers in the case of public transport systems, Kanai et al (2011) 
proposed an algorithm for reducing user waiting times in the case of a rail (multi-line) network by modifying 
train timetables, while Zheng et al. (2011) provided the definition of capacity reliability of a rail network and 
developed a model for calculating it. Likewise, Canca et al. (2011, 2012) focused on key aspects of railway 
network management by taking travel demand into account in the case of service disruptions, such as an increase 
in travel demand or a reduction in fleet size. 
Recently, Mazzeo et al. (2011) and Quaglietta et al. (2011), neglecting capacity constraints, proposed joint 
analysis of rail performance (i.e. rail enterprise efficiency) and related effects on users (i.e. service effectiveness 
and quality) in the case of rail systems failure. In this context, our proposal represents an extension of Mazzeo et 
al. (2011) and Quaglietta et al. (2011), introducing capacity constraints of rail vehicles in order to provide more 
realistic simulated effects. Indeed, although these contributions might be considered an innovative approach to 
rail system analysis because they adopt a multi-objective approach in evaluating operational strategies, their 
assumptions on capacity allow each user to board the first arriving train. They do not consider that in failure 
contexts some trains might not have enough space to accommodate all passengers wishing to board. Therefore, 
the simulated failure effects tend to be calmed more rapidly than in real cases. 
It is worth pointing out that, as shown by Montella et al. (2000), in any design or real-time management 
problem it is necessary to adopt simulation models which should be able to identify network performance and 
features for each alternative project and/or management strategy. These models can be classified as macroscopic, 
mesoscopic or microscopic according to the assumption on the level of detail considered. Macroscopic simulation 
models (Prinz et al., 2001; Kettner & Sewcyk, 2002) adopt a high abstraction level of railway infrastructure and 
operations. They are mainly adopted in long-term planning to determine at a macro level some network or service 
features (such as the number of stations, number of lines, average service frequencies, average speed or required 
rolling stock). Likewise, mesoscopic simulation models (Marinov & Viegas, 2011) are able to simulate a 
simplified system by means of a multi-scale framework consisting of both macroscopic and microscopic 
elements. Finally, microscopic simulation models (Nash & Huerlimann, 2004; Siefer & Radtke, 2005) represent 
the system elements (such as signalling systems, radiuses of curvature, slopes, timetables, locomotive types, 
number of passenger cars, number of freight cars or adhesion values) in order to provide a more precise 
description of rail operations. In particular, recently, Wang et al. (2011), Corapi et al. (2013) and De Martinis et 
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al. (2013) proposed to adopt a microscopic approach for analysing effects of different driving strategies in terms 
of energy consumption. 
Our purpose is to analyse effects on travel demand of different levels of degraded services in the case of metro 
system failure in order to define the best strategy to adopt so as to minimise user discomfort. Indeed, in these 
contexts, as shown by Batley et al. (2011), due to high quality services (for instance in terms of frequency), in the 
case of breakdowns which reduce the quality of service without interrupting it, passengers may decide to increase 
their travel times rather than modify their planned trips in terms of path (i.e. by choosing to change their 
departure station) or mode choices (i.e. by choosing alternative transport modes). Hence, in order to determine 
travel times of passengers in non-stationary contexts (i.e. two successive rail convoys may provide different 
levels of services such as values of residual capacity, travel times, etc.), although high calculation times could be 
required, it is worth adopting micro-simulation tools, for instance, implemented by means of off-line procedures. 
In particular, in simulating rail and/or metro systems, adoption of a microscopic model requires the solution of a 
system of differential equations by means of a numerical approach. Hence, we propose to adopt OPENTRACK® 
software (Nash & Huerlimann, 2004), developed by the Swiss Federal Institute of Technology (ETH) of Zurich, 
for integrating the system of differential equations in the case of a microscopic simulation approach. 
The paper is organised as follows: Section 2 describes the framework of the proposed approach for defining 
the best strategy in the case of rail system failure; Section 3 applies the strategy in the case of a real dimension 
metro network; finally, Section 4 summarises the conclusions and outlines research prospects. 
2. Framework of the proposed approach 
The aim of the paper is to define the best operational strategy which minimises user discomfort in the case of 
rail system failure. Hence, the problem can be formulated with a multidimensional constrained optimisation 
model, as follows: 
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where y is the vector of parameters which identify the intervention strategy; yˆ  is the optimal value of vector y 
(i.e. the vector of parameters identifying the optimal strategy); fc is the vector of parameters identifying the 
failure context; np is the vector of parameters identifying the network performance; unf is the vector of 
parameters identifying user flows on the transportation networks; pt is the vector of parameters identifying the 
planned timetable; Z is the objective function to be minimised depending on y, fc, np and unf; Sy is the feasible 
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set of vector y (i.e. the set identifying all feasible operational strategies); Λ  is the simulation function which 
provides network performance (np) and user network flows (unf) as a function of y, fc, np and unf; waitingβ  is a 
parameter which expresses the relevance (i.e. relative weight) given by users to waiting times; r pstw ,  is the 
average user waiting time at station s on platform p between run (r–1) and run r; r psfw ,  is the number of 
passengers waiting at station s on platform p between run (r–1) and run r; boardon−β  is a parameter which 
expresses the relevance (i.e. relative weight) given by users to on-board time; rltb  is the time spent by the convoy 
associated to run r for travelling on link l; rlfb  is the number of passengers who travel on the convoy associated 
to run r while crossing link l. 
Constraint (2) represents the consistency constraint between transportation system performance and travel 
demand flows, whose formulation requires the analysis of four kinds of models: failure, service, supply and travel 
demand models. In particular, the implementation of the optimisation model (1) requires the calculation of 
objective function (3) whose input parameters have to be determined by means of the following procedure which 
allows the fixed-point problem (described by constraint 2) to be solved, that is: 
• for each failure context, it is necessary to provide effects on the rail system in terms of reduced performance or 
unavailability of a train or a track section (failure model); 
• the user flows on platforms (pre-platform model) is the results of user choices depending on performances of 
all transportation systems (supply model), including the rail system (service model); 
• the performance of the rail system (service model implemented via OPENTRACK® software) is related to 
intervention strategy (vector y), user flows on the network (vector unf) and breakdown severity (outputs of the 
failure model); 
• finally, the number of boarding passengers (on-platform model) can be calculated by means of passengers on 
platform (pre-platform model), rolling stock (vector rs) and rail system performance (service model). 
In the following, we propose a detailed description and related formulation of the adopted models for 
implementing the methodology. Moreover, we provide suitable references where readers can delve into the 
analytical specifications of the models and numerical values of parameters adopted in the literature. 
The failure simulation model provides performance of the rail systems related to each possible breakdown. 
Model output in this case may consist, for instance, in reduction in maximum speed or the unavailability of a 
train or a track section. This model is based on the cause-effect relation between the faulty element and the 
operations of all systems. Details on the management of breakdowns are analysed by RAMS (Reliability, 
Availability, Maintainability and Safety) procedures as shown by Mazzeo et al. (2011) and Quaglietta et al. 
(2011). 
Analytically, the failure model consists of a function, indicated as FSM, which provides parameters describing 
infrastructure (in), rolling stock (rs) and signalling system (ss) as depending on their non-perturbed values (in0, 
rs0 and ss0) and failure context (fc), that is: 
 
( ) ( )fcssrsinFSMssrsin ,,,,, 000=  (4) 
 
The service simulation model describes rail system performance depending on rail infrastructures, rolling 
stock, signalling system, timetable and user flows on the network. Under the assumption of a microsimulation 
approach, this model can be solved through a system of differential equations whose numerical solution can be 
tackled by means of suitable commercial software. In our case, we propose to adopt OPENTRACK® software (see 
Nash & Huerlimann, 2004) by adding an external tool for adopting also travel demand as input data (i.e. for 
simulating the variation in dwelling times at stations due to variations in user flows on the platform). 
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In particular, OPENTRACK® is a micro-simulation software which reproduces in high detail the motion of the 
trains by a mixed simulation process. This means that the simulation is a combination of continuous and discrete 
events. The former represent the motion of the trains which is simulated by solving a system of differential 
equations (basically Newton’s equation), while the latter are all the network modifications due to signalling 
system or delays. Since it is not possible to evaluate the solution by an analytical formula, it is necessary to adopt 
a numerical approach. For this reason, this software uses the “Euler Method” (see, for instance, Butcher, 1987) 
which estimates the new value of a variable by means of the previous one. 
Analytically, the service model can be formulated as a function, indicated as SSM, which provides rail 
network performance (rnp) as depending on intervention strategy (y), infrastructure (in), rolling stock (rs), 
signalling system (ss), planned timetable (pt) and user network flows (unf) parameters, that is: 
 
( ) ( )unfptssrsinySSMrnp ,,,,,=  (5) 
 
The supply model provides user generalised costs on all transportation systems in the analysed area depending 
on the outputs from service and travel demand models. Details on these kinds of models can be found in Cascetta 
(2009). Analytically, this model can be formulated as a function, indicated as SM, which provides transportation 
network performance (tnp) as depending on user network flows (unf), that is: 
 
( )unfSMtnp =  (6) 
 
Finally, the travel demand model describes the user behaviour conditioned by the performance of 
transportation systems (i.e. supply and service simulation models). Generally, this model can be formulated by a 
classic four-step demand model (Cascetta, 2009). 
It is worth noting that in the case of failure of the rail system with the assumption of convoy capacity 
constraints it is necessary to adopt two kinds of travel demand models: a pre-platform model and an on-platform 
model. The former describes user choices in the case of regular service and can be implemented by means of the 
abovementioned four-step models. Outputs of the pre-platform model are user flows on each rail platform. 
The on-platform model analyses for each approaching train whether the residual capacity (which is equal to 
the train capacity minus the on-board passengers plus the alighting passengers) is greater than the number of 
boarding passengers. If this condition is not satisfied, only a portion of travel demand (i.e. waiting passengers), 
equal to the residual capacity, is able to board the train while the surplus has to wait for the following trains. Our 
proposal is to adopt a First In – First Out (FIFO) approach for simulating the sequence of users boarding trains. 
Indeed, although in real cases passengers generally tend to mingle on the platforms, in the case of high levels of 
crowding the freedom of movement is limited and hence the priority in being served (i.e. in boarding) is strongly 
correlated with the sequence of arrivals on platform, especially if part of the users are unable to board the first 
approaching train. Hence, in our opinion, the adoption of a FIFO rule could generate more realistic simulations. 
Obviously, the FIFO approach has to take into account that on the same platform passengers may have different 
destinations and hence different alighting stations. 
In terms of future research, the comparison of results could be considered with the adoption of a Random  
In – First Out (RIFO) approach for taking into account effects of mixing of passengers on platforms. Obviously, 
this approach would change waiting times of passengers on platform and the related determination of objective 
function values into random variables with the effect that the optimal strategy would not be determined with an 
absolute certain but it would be associated to a confidence interval (i.e. probability which expresses the reliability 
of the value). 
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In terms of analytical formulation, the pre-platform model can be formulated as a function, indicated as PPM, 
which provides user platform flows (upf) as depending on transportation network performance (tnp) including 
rail network performance (rnp), that is: 
 
( )rnptnpPPMupf ,=  (7) 
 
Likewise, the on-platform model can be formulated as a function, indicated as OPM, which provides user 
flows on the network (unf) as depending on user platform flows (upf), rolling stock (rs) and rail network 
performance (rnp), that is: 
 
( )rnprsupfOPMunf ,,=  (8) 
 
Thus, by adopting the abovementioned variables, constraint (2) can be obtained by combining eqns. (4)-(8) 
where term np can be expressed as: 
 
[ ]T;tnprnpnp =  (9) 
 
Hence, by solving problem (1), it is possible for each possible failure scenario (fc) to associate the best 
operational strategy ( yˆ ) which minimises effects on travel demand, that is: 
 
⇒fc    problem (1)   yˆ ⇒  (10) 
 
3. Application to a real-scale network 
The proposed methodology was applied to Line 1 of the Naples metro system in southern Italy. This line, 
operated by METRONAPOLI, consists of 16 stations, as shown in Fig. 1. Importantly, the line provides two 
services: 
• a metro service (indicated in black in Fig. 1) between Piscinola and Dante; 
• a shuttle service (indicated in grey in Fig. 1) between Dante and Università, which is provided by using a 
single track and a single train. 
 
Fig. 1. Line 1 of the Naples metro system (Italy) 
 
Piscinola Colli Aminei Medaglie d’Oro Dante 
Università Depot 
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Therefore, since the two services are completely independent and the train depot is next to Piscinola, we 
analyse only the metro service, neglecting the shuttle. 
In this application, we analysed failure scenarios during the morning peak-hour (i.e. 7.00–9.00 a.m.) for 
simulating when discomfort effects are greatest. Obviously, we considered a wider time period for analysing 
network loading (people and trains on the network at 7.00 generally started before) and discomfort duration 
(failure effects could last well beyond the peak-hour). We thus considered the time period between 6.00 am and 
12.00 pm. 
In this application, we propose to analyse jointly eight failure scenarios whose direct effects are a degradation 
in train performance: at 7.00 in the Chiaiano station, the second station after the depot, a convoy experiences a 
breakdown which limits the maximum train speed in each scenario to a value between 10 % and 80 %. Since 
there are only three maintenance tracks on the network (at Colli Aminei, Medaglie d’Oro and Dante), there are 
six feasible strategies: 
• the train continues the service until Colli Aminei or Medaglie d’Oro and then, after unloading passengers on 
the platform, it is driven onto the nearest maintenance track; 
• the train continues the service until it reaches the following terminus, i.e. Dante, and is then driven onto the 
maintenance track; 
• the train completes the outward trip and starts the return trip until Medaglie d’Oro or Colli Aminei and then, 
after unloading passengers on the platform, it is driven onto the nearest maintenance track; 
• the train completes the whole service until it reaches the depot, i.e. Piscinola. 
Obviously, just before allocating the train to the maintenance track, it is necessary to unload passengers on the 
platform who should wait for a following train. 
Numerical applications were performed by applying in the same contexts both the previous model proposed in 
the literature (Mazzeo et al., 2011; Quaglietta et al., 2011), which was based on neglecting capacity constraints of 
rail convoys, and our proposal based on taking into account this kind of constraint. 
In both cases, our analysis of the simulation results shows that an increase in headway generally yields an 
increase in boarding passengers. Likewise, a decrease in headway yields a decrease in boarding passengers. 
Therefore, the faulty train tends to be saturated, while following convoys tend to be empty. Moreover, 
elimination of a faulty train yields an increase in passenger travel times since passengers on board have to alight 
onto the platform and wait to board a following train, a decrease in travel times because following trains will 
have tracks free of any obstacles, and an increase in vehicle crowding and possible increase in waiting times 
because following trains will be boarded also by passengers from the faulty train. 
Tables 1 and 2 provide objective function values (i.e. total travel time of passengers), expressed in terms of 
equivalent monetary costs, for each intervention strategy and for each speed reduction respectively without and 
with convoy capacity constraints. Bold values represent the minimum value of the objective function for each 
breakdown occurring. Hence these values allow the optimal intervention strategy to be identified for each failure 
scenario. 
Likewise, Fig. 2 provides a comparison of objective function values by adopting, for each model (i.e. 
neglecting and considering capacity constraints), two different scales in order to highlight trends of the function 
in the neighbourhood of optimal values. 
Obviously, since there is a great difference between the minimum and maximum values of objective function 
and our aim is to identify the minimum of the objective function (as described by eqn. 1), we represent only the 
part of the objective functions below the threshold of € 170,000 (in the upper part of the figure) and € 140,000 (in 
the lower part of the figure), not indicating higher values in the figure. 
In terms of data analysis, it is worth noting that in some cases, the objective function has more than one local 
minimum (i.e. the objective function is not convex). Moreover, as expected, by considering capacity constraints, 
the objective function has values greater than neglecting them since some passengers would not be able to board 
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the first arriving convoy and therefore have to wait for the following, increasing their waiting times. These 
differences between the two approaches could provide different optimal strategies. Obviously, the adoption of 
capacity constraints yields an estimation of user disutility and hence identifies the optimal strategy closer to the 
real phenomenon. Indeed, only in extreme conditions (i.e. speed reductions lower than 30% or higher than 70%) 
do both approaches provide the same optimal strategy. 
Table 1. Total travel passenger costs by neglecting capacity constraints of rail convoys (Mazzeo et al., 2011; Quaglietta et al., 2011) 
 Speed reductions 
Stations 10% 20% 30% 40% 50% 60% 70% 80% 
Colli Aminei (forward) € 130,567 € 130,533 € 130,487 € 130,425 € 130,332 € 130,190 € 130,352 € 135,900 
Medaglie d’Oro (forward) € 130,198 € 130,185 € 130,084 € 130,047 € 129,960 € 130,343 € 136,445 € 161,676 
Dante € 128,218 € 128,247 € 128,329 € 128,571 € 130,567 € 137,883 € 252,828 € 470,171 
Medaglie d’Oro (backward) € 128,204 € 128,257 € 128,468 € 129,141 € 133,132 € 147,756 € 259,682 € 496,950 
Colli Aminei (backward) € 127,662 € 127,699 € 128,098 € 128,394 € 133,001 € 154,780 € 272,416 € 584,778 
Piscinola (depot) € 127,338 € 127,374 € 127,507 € 128,171 € 135,757 € 167,713 € 252,762 € 467,591 
Table 2. Total travel passenger costs by considering capacity constraints of rail convoys (our proposal) 
 Speed reductions 
Stations 10% 20% 30% 40% 50% 60% 70% 80% 
Colli Aminei (forward) € 134,173 € 134,140 € 134,094 € 133,469 € 133,940 € 133,799 € 133,420 € 139,214 
Medaglie d’Oro (forward) € 132,668 € 132,654 € 132,604 € 132,559 € 132,472 € 132,785 € 139,434 € 171,950 
Dante € 130,097 € 130,126 € 130,209 € 130,451 € 132,465 € 141,936 € 276,895 € 649,768 
Medaglie d’Oro (backward) € 129,836 € 129,816 € 129,903 € 131,112 € 132,454 € 142,794 € 274,313 € 650,892 
Colli Aminei (backward) € 129,618 € 129,270 € 129,698 € 130,029 € 132,661 € 147,741 € 276,047 € 649,826 
Piscinola (depot) € 129,217 € 129,253 € 129,386 € 130,068 € 137,833 € 175,379 € 276,549 € 646,473 
 
Moreover, on analysing results in the case of speed reductions between 10% and 40% (between 10% and 50 % 
in the case of the unconstrained approach), the application of the Colli Aminei (forward) as well as Medaglie 
d’Oro (forward) strategy provides a slight reduction in objective function values by increasing failure severity. 
This is due to the fact that an increase in breakdown severity yields a decrease in faulty train speed which 
generates a decrease in headway between this train and the following. Hence, there is an increase in travel times 
for passengers on the faulty train combined with a decrease in waiting time for the following rail convoys, once 
passengers are unloaded onto the platform. Since in the objective function parameter waitingβ  is greater than 
boardon−β , as suggested in the literature (see, for instance, Cascetta 2009), a slight increase in travel times is more 
than compensated by the reduction in waiting times. However, this effect does not take place when breakdown 
severities, and therefore increases in travel times, are significant. Indeed, especially in the case of the constrained 
approach, waiting times could be higher, since some passengers might not be able to board the first arriving train. 
A common result between the two constrained approaches is that, in terms of optimal strategy, when the faulty 
train is fast (low reduction in maximum speed), it is best to conclude the trip at the depot so as to avoid passenger 
discomfort caused by alighting from the faulty train and boarding the following train. Likewise, when the faulty 
train is excessively slow (great reduction in maximum speed), it is best to position the faulty train on a 
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maintenance track as soon as possible. Obviously, different speed reductions yield different points of 
convenience. 
 
Fig. 2. Objective function values by neglecting (left) and considering (right) capacity constraints of rail convoys 
4. Conclusions and research prospects 
In proposing a decision support system for analysing rail systems in the case of train breakdowns, we showed 
that, although effects on travel demand have often been neglected in the literature, they can profoundly affect 
analytical results. We expanded contributions proposed elsewhere (such as Mazzeo et al., 2011; Quaglietta et al., 
2011) by introducing capacity constraints in order to develop a more realistic model which could allow for the 
fact that, in a failure scenario, passengers might not be able to board the first arriving train since the boarding 
flow may be higher than the convoy residual capacity. However, this assumption made it necessary to split the 
travel demand model into two sub-models (the pre-platform and on-platform models). Finally, we applied the 
proposed methodology in the case of a real rail network, comparing results with the application of previous 
approaches by neglecting capacity constraints of rail convoys and highlighting differences in optimal strategy 
definition. 
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As regards prospects for future research, the approach could be fruitfully applied in the case of a wider set of 
train breakdowns with different demand levels. It might be used to analyse the effects of breakdowns and related 
intervention strategies in the case of different rail networks, and generate timetables by adopting a multimodal 
approach for analysing rail system vulnerability in terms of short-, medium- and long-term effects on travel 
demand. 
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